Dynamic spectrum (DS) can greatly reduce the effects of individual differences and measurement environment by extracting the equivalent absorbance of pulsating arterial blood at multiple wavelengths. DS is expected to achieve non-invasive detection of human blood components. This paper proposes a dual-mean extraction method to reduce random noise and coarse error caused by the jitter of the subject in the acquisition process. The ''superposition averaging'' strategy is adopted twice in this method to reduce the interference of random noise, and a more rigorous standard is used to screen and eliminate coarse error. The single-trial extraction method, the optimizing differential extraction method and the dual-mean extraction method were used to extract the DS from the clinical data of 231 volunteers respectively. The Radial basis function (RBF) neural network was used to model the experimental data of the three extraction results. The difference between the correlation coefficients of calibration set and prediction set was used to evaluate the overfitting degree of the model. The results showed that, the correlation coefficients of prediction set of the data extracted by the dual-mean method reached 0.793, which was higher than the 0.714 of the single-trial method and the 0.749 of the optimizing differential method. And the overfitting degree of the model built by the data of the dual-mean method is the lowest in the next 10 sets of repeated modeling experiments. Compared with the single trial and optimizing differential extraction method, the dual-mean extraction method is better in suppressing random noise and coarse error in DS, and can obtain spectral data with higher signal-to-noise ratio.
I. INTRODUCTION
Non-invasive blood component detection has great value in human health detection with its advantages of realtime, non-invasive, environmentally friendly, high-precision and continuous measurement, and has become a hot issue in biomedical engineering research [1] , [2] . The current non-invasive detection methods for blood components can be roughly divided into two categories: Optical methods [3] - [5] and Non-optical methods [6] - [8] . The optical method stands out among many blood component detection methods with its unique non-invasive, environmental
The associate editor coordinating the review of this manuscript and approving it for publication was Alicia Fornés . protection and convenience advantages, among which near infrared (NIR) spectrum is the most promising [9] - [11] . Wang et al. [12] and [15] , Gang et al. [13] , and Yong et al. [14] proposed dynamic spectrum (DS) theory to avoid excessive indirect measurement and eliminate the effects of individual differences and errors caused by the measurement environment. The DS method involves extracting the equivalent absorbance of pulsating arterial blood at different wavelengths, which provides a new method and theory for improving the accuracy of non-invasive blood components. Extracting high-quality DS is the prerequisite for achieving high modeling accuracy. However, the pulse wave collected is accompanied by a large amount of random noise, what is actually collected is not a smooth pulse wave, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ but a wave accompanied by many burrs. At the same time, the jitter of the subject during the detection will also bring coarse error (as shown in Fig.1 ). If these relative errors cannot be removed, the signal-to-noise ratio (SNR) of the extracted spectrum will be lowered and the efficacy of the DS extraction will be significantly affected. Therefore, it is highly important to extract high-quality DS by making full use of the collected data while suppressing random noise and coarse error. In order to reduce the effects of random noise and coarse errors in the process of DS extraction, many scholars conducted a lot of researches. The peak-to-peak [16] extraction method extracts the difference between the peak-to-valley values of the pulse waves at each wavelength, and reduces the random noise by ''superposition averaging'' strategy. However, this method uses only two points in each period. Low data utilization means that the extracted spectrum is accompanied by large random noise. The difference extraction method [17] extracts the difference of the same interval of the pulse wave to form DS, and also reduces the influence of random noise by superposition averaging, but the difference interval is difficult to determine. The single-trial extraction method [18] takes the ratio of the template and the logarithmic pulse wave at each wavelength as equivalent absorbance. Statistical methods are then used to eliminate coarse error to improve the accuracy. However, this method only uses half of the data, and the SNR of the extracted DS is not high. From the frequency domain, the researchers proposed a frequency domain extraction method [19] , which performs spectrum analysis on each wavelength pulse wave and takes the amplitude of the fundamental wave as the equivalent absorbance. But the average effect of the Fourier transform distributes the interference of the coarse error to the entire frequency band, which is difficult to remove. Aiming at the shortcomings of the above methods, the optimizing differential extraction method [20] is proposed. This method makes a difference to the pulse wave according to the time interval corresponding to the height of the half peak, and removes the singular value by statistical methods. This method is more effective than the previous method, but this method only removes the individual singular values. The elimination of the coarse error is not effective enough, which reduces the quality of the extracted spectrum to some extent.
According to the ''M+N'' theory [21] , in the analysis of components of complex solution, the influencing factors from the solution itself (M factor) and the measurement environment (N factor) should be comprehensively considered. The factors affecting the analysis accuracy are divided into systematic error and random error from the perspective of error sources. Corresponding measures are proposed for system error such as invariance and compensation [22] , [23] , and the influence of random error is mainly reduced by the ''superposition averaging'' strategy. Based on this theory, this paper proposes a DS dual-mean extraction method to suppress random noise and coarse error in DS extraction process. The proposed method reduces the influence of random noise by using the ''superposition averaging'' strategy twice. At the same time, statistical methods are used to screen and eliminate coarse error based on the upper and lower mean sequences in each period. Compared with the single-trial method and the optimizing differential method, the screening conditions are more stringent, so the method can theoretically improve the SNR of DS.
II. PRINCIPLE AND METHOD A. DYNAMIC SPECTRUM (DS)
Dynamic spectroscopy is a detecting method of blood component concentration based on the principle of photoplethysmography (PPG). The changes in absorbance during arterial filling and contraction are used to eliminate individual differences due to static tissues such as skin and muscle. As shown in Fig.2 , assuming that the incident light intensity is I λ 0 , when the arterial blood vessels contract, the filling degree is the lowest, and the incident light I λ 0 will not be affected by the arterial blood, so the transmitted light intensity at this time is the strongest (I λ max ). On the contrary, when the artery is dilated, the filling degree is the highest, and the transmitted light intensity at this time is the weakest (I λ min ), so the absorption of the arterial blood is the largest. DS can eliminate the influence of body composition such as skin tissue and subcutaneous tissue by recording the absorbance values when arterial filling is maximal and arterial contraction is minimal. It also eliminates the effects of environmental factors such as light sources.
The principle of DS is shown in (1), where A λ is the absorbance of pulsatile arterial blood at wavelength λ, α i is the molar extinction coefficient of a component in the blood, c i is the concentration of the component, and d is the equivalent path length of pulsating arterial blood in the state of maximum filling.
The DS is obtained by extracting the absorbance of pulsating arterial blood from the PPG waves corresponding to the incident light of multiple wavelengths. After the detecting of DS, the concentration of each blood component can be calculated based on the known absorption coefficient of each component and the equivalent optical path length of the pulsating arterial blood.
B. ''SUPERPOSITION AVERAGING'' STRATEGY
Due to factors such as the measurement device (instability of component fit, friction of parts, etc.), environment (temperature, humidity, dark current, etc.) and personnel operation, random errors are inevitably introduced in the measurement process. Most random errors follow a normal distribution. According to the nature of the normal distribution, as the number of measurements increases, the arithmetic mean of the random error tends to zero, which means that the random error is compensated. Assuming an equal precision measurement of a certain quantity (true value is L 0 ), the values obtained by n measurements are l 1 , l 2 · · · l n respectively, and the random errors of each measurement are δ 1 , δ 2 · · · δ n . The arithmetic mean of the random errors is as shown in (2). It can be known from the nature of random noise that in (3), as the number of measurements n increases, the n i=1 δ i n term gradually approaches zero, that is, n i=1 l i n term gradually tend to true L 0 . It is shown that the influence of random noise can be suppressed by ''superposition averaging'' strategy.
The dual-mean extraction method is based on the premise that the PPG at each wavelength acquired synchronously has similarity. Compared with the single-trial method [18] and the optimizing differential extraction method [20] , the ''superposition averaging'' strategy is used twice to reduce the random noise in the dual-mean extraction method, and a more rigorous screening method is used to eliminate the influence of coarse error. The specific steps of the dual-mean extraction method are as follows:
(1) The logarithmic pulse wave at each wavelength is superimposed to obtain the PPG template, and the peak-to-peak value of the PPG signal is determined according to the superimposed template. The interval between two adjacent peak-to-peak values is determined as a period, as shown in Fig.3 . (2) As shown in Fig.4 , in the i-th period of PPG signal at the wavelength λ, the period is divided into the
with the same number of sampling points by the mean value of the light intensity in the period, where i (i = 1, 2 . . . n) denotes n periods of the PPG signal, and j (j = 1, 2 . . . m) and k (k = 1, 2 . . . m) respectively represent m sampling points of the upper and lower half in the corresponding period. The mean sequences A λ 1 , A λ 2 · · · A λ i · · · A λ n and B λ 1 , B λ 2 · · · B λ i · · · B λ n at each wavelength are obtained by calculating the mean values A λ 1 and B λ 1 of the two parts in the period according to (4) and (5) . The superposition of the sampling points of each part in the period further reduces the influence of random noise and the possibility of singular value generation.
at each wavelength are normalized to obtain the normalized mean sequence a λ 1 , a λ 2 · · · a λ i · · · a λ n and b λ 1 , b λ 2 · · · b λ i · · · b λ n , which can reduce the impact of optical path difference to some extent. Based on the Euclidean distance, the periods containing coarse error are eliminated according to the 3σ criterion. The Euclidean distance calculation formulas are shown in (6)- (9) . Different from the elimination criteria of individual singular values in the single-trial extraction method and the optimizing differential extraction method, the dual-mean extraction method adopts a stricter coarse error elimination method, that is, the upper half mean sequence and the lower half mean sequence are used to find and eliminate the abnormal period with coarse error at the same time. As long as any part of the two mean sequences contains singular values, the corresponding period will be eliminated, which can further filter out and eliminate the coarse error caused by the jitter of the subject.
(4) In the remaining periods, the absolute differences between the mean of the upper part and the lower part in each period are obtained, and the differences at the same wavelength are superimposed and averaged to obtain the equivalent absorbance at that wavelength.
(5) The equivalent absorbance at each wavelength are arranged in the order of wavelength to obtain the dual-mean DS of the sample.
III. DATA COLLECTION AND MODELING A. SPECTRAL DATA ACQUISITION
The experimental data acquisition device is shown in Fig.5 . The device mainly consists of a programmable regulated power supply, a light source, the optical fiber, a spectrometer and a computer. The light source used in the experiment is a 36 W bromine tungsten lamp with an effective wavelength range of 463-1356 nm. The spectrometer (AvaSpec-HS1024x58TEC-USB2) has an adjustable resolution of 1.5-20 nm and a detection wavelength range of 299.9-1160.5 nm. The incident light illuminates the finger, and the spectrometer collects the transmitted light received by the optical fiber. Finally, the spectrometer transmits the data to the computer through USB for processing. Subjects were recruited from patients undergoing routine blood examination in Tianjin People's Hospital. All experiments were conducted in accordance with the relevant laws and the guidelines of the Ethical Committee of Tianjin University and Tianjin People's Hospital. Volunteers were asked to relax for a while before data collection and try to keep their mood and breathing steady. Then the index finger tip was used to completely cover the entrance of the receiving fiber, and the contact pressure was kept as constant as possible during the measurement. The integration time and the measurement time were 20ms and 30s respectively. After data collection, arterial blood was drawn and analyzed by artery blood gas analyzer. The obtained hemoglobin concentration was used to evaluate the quality of subsequent modeling. In the experiment, the concentration range of the subjects' hemoglobin is 90-176 g/L.
B. SPECTRAL DATA MODELING
Taking the wavelength range of the light source and the SNR of the spectral data into account, the spectral data of 591.9-1043.8nm range was selected to model. The spectral data of 231 volunteers were extracted by the singletrial extraction method, the optimizing differential extraction method and the dual-mean value extraction method. Radial basis function (RBF) neural network was selected as a modeling tool because of its simple structure, simple training process and fast learning convergence. The modeling process is based on matlab(R2018a). The RBF neural network is a single hidden layer neural network, and the number of hidden layer neurons is incremented by successive training until the expected result is satisfied. The neural network modeling in this paper was carried out by the ''newrb'' function in matlab, and the optimal modeling parameters(the radial basis function expansion speed (SPEED) and the mean square error goal (GOAL)) of the modeling are obtained through repeated modeling [24] . First, the GOAL is set to 45, and SPEED is set from 1 to 500, selecting the SPEED for the best modeling effect. Then at the best SPEED, the GOAL is set from 40 to 55 to determine the best GOAL. The best modeling parameters are determined through these two steps.
The spectral data of 231 volunteers extracted by the three extraction methods were divided into calibration set and prediction set according to a ratio of 6:1 randomly. The sample concentration distribution of the calibration set and the prediction set is shown in TABLE 1. The data of calibration set was used for training, and the prediction set was used to evaluate the model established by calibration set. The hemoglobin concentration obtained by biochemical analysis was used as reference values to evaluate the prediction accuracy. The correlation coefficient(R C ) and the root mean square error(RMSEC) of calibration set, the correlation coefficient (R P ) and the root mean square error of prediction set(RMSEP) were chosen as indicators to evaluate the quality of the model. 2 shows the modeling effect of the spectral data extracted by the three methods using RBF neural network. In the case where the calibration set modeling effect is not much different, compared with the single-trial extraction method, the R P of the data extracted by the dual-mean extraction method is increased from 0.714 to 0.793, with an increase of 11.06%, and the RMSEP is reduced from 9.31 to 8.30, which is reduced by 10.85%. Compared with the optimizing differential extraction method, the R P of the data acquisition set extracted by the dual-mean extraction method is increased from 0.749 to 0.793, with an increase of 5.87%. And the RMSEP is reduced from 8.80 to 8.30, which reduced by 6.02%. The results show that it is feasible to reduce the interference of random noise and coarse error by using dualmean extraction method. 
IV. RESULTS AND DISCUSSION
In order to eliminate the possibility of accidental high-quality modeling, and further explain the influence of the dualmean extraction method on the accuracy of DS modeling, we added another 10 sets of modeling experiments. The DS data of 231 volunteers were randomly divided into 10 sets of calibration sets and prediction sets (groups 1-10) according to the same ratio (6:1), and RBF neural network was also used to model. TABLE 3 and Fig.6 shows the modeling effects (R P ) of 10 sets of modeling experiments. The results show a trend that the dual-mean extraction method is superior to the optimizing differential extraction method and the single-trial extraction method. It is indicated that the dual-mean extraction method can further reduce the influence of random noise by using the ''superposition averaging'' strategy twice. And the stricter coarse error elimination method can further improve the accuracy of non-invasive blood component analysis of DS. Since the modeling tool used in this paper is RBF neural network, one of the reasons for its overfitting is that the interference noise in the sample is too large. So when the training sample contains random noise and coarse error, the network may be over-fitting [25] . That is to say, the calibration set has a good modeling effect, but the prediction set is poorly predicted, resulting in a low generalization ability, which seriously affects the accuracy of the analysis. The treatment of random noise and coarse error by the dual-mean extraction method can theoretically prevent the occurrence of neural network over-fitting phenomenon to some extent. To verify the role of the dual-mean extraction method in reducing random noise and coarse error, we used the difference between the R C and R P in each set of modeling experiments to measure the degree of over-fitting. The smaller the difference, the stronger the generalization ability of the model and the lower the degree of overfitting. The results of TABLE 4 and Fig.7 show that compared with the single-trail extraction method and the optimizing differential extraction method, the DS extracted by the dual-mean extraction method shows certain advantages in reducing random noise and coarse error, and can reduce the over-fitting degree of neural network modeling to a certain extent. 
V. CONCLUSION
Dynamic spectrum can eliminate the influence of individual differences and errors incurred from the measurement environment indicating its efficacy in non-invasive blood component analysis. In the DS non-invasive blood component analysis, extracting high-quality dynamic spectra is the primary problem for achieving high analytical accuracy. Focusing at the random noise in DS acquisition process and the coarse error caused by the jitter of the subject, this paper proposes a dual-mean DS extraction method, which uses the ''superposition averaging'' twice to reduce the effects of random noise. At the same time, the coarse error is eliminated by a more rigorous screening method to further improve the SNR of the extracted spectrum. The subsequent 10 sets of modeling results of the three extraction methods indicates the effectiveness of the dual-mean extraction method to the single-trial extraction method and the optimizing differential extraction method. Since the existence of random error and coarse error is one of the reasons for the over-fitting of RBF neural network modeling, the evaluation of the over-fitting degree can reflect the random error and the coarse error. The results of the over-fitting evaluation show that the model built by the data obtained by the dual-mean method has a lower over-fitting degree, which further proves the role of the proposed method in suppressing random noise and coarse errors. Therefore, using the dual-mean extraction method can obtain the spectrum with higher SNR, which is beneficial to promote the development of non-invasive blood component analysis of DS.
